In stationary phase, 95% of the fructosyltransferase (FTase) activity of Streptococcus salivarius ATCC 25975 was found associated with the cells. Within the first 15 min after inoculation into fresh medium, the specific activity of cellassociated FTase decreased by 92% of its initial value. After this period of initial loss, the enzyme was synthesized during exponential growth until a maximum level equivalent to that present before inoculation was obtained. The inactivation of FTase was also demonstrated in a nongrowing system. Washed cell suspensions incubated at 370C in 200 mM potassium phosphate buffer (pH 6.5) containing 10 ,IM Cu2+ lost 80 to 95% of their FRase activity after 30 min. This loss could be prevented by the addition of histidine, cysteine, or Ca2+ to the suspension mixture.
In stationary phase, 95% of the fructosyltransferase (FTase) activity of Streptococcus salivarius ATCC 25975 was found associated with the cells. Within the first 15 min after inoculation into fresh medium, the specific activity of cellassociated FTase decreased by 92% of its initial value. After this period of initial loss, the enzyme was synthesized during exponential growth until a maximum level equivalent to that present before inoculation was obtained. The inactivation of FTase was also demonstrated in a nongrowing system. Washed cell suspensions incubated at 370C in 200 mM potassium phosphate buffer (pH 6.5) containing 10 ,IM Cu2+ lost 80 to 95% of their FRase activity after 30 min. This loss could be prevented by the addition of histidine, cysteine, or Ca2+ to the suspension mixture.
A factor(s) essential for the inactivation of cell-associated FTase could itself be preferentially inactivated by heating cells at 400C for periods of up to 3 h, or by storage of cells at 0 to 40C for several days in a low-ionic-strength, low-pH, potassium phosphate buffer. Treatment of cells with the N-acetylmuramidase enzyme M-1, in the presence of 0.5 M melezitose, resulted in the release of FTase from the cell. The released enzyme was recovered in the supernatant fraction after centrifugation at 160,000 x g for 90 min. Comparison of solubilized active and inactivated FTase preparations by polyacrylamide gel electrophoresis demonstrated that the inactivation of cell-associated FTase activity was associated with the loss of specific protein bands.
A number of oral bacteria are known to produce fructose polymers (fructans) when grown on sucrose (8) . Once formed, these polymers may subsequently be utilized by plaque flora as a source of carbohydrate, resulting in periods of prolonged acid production (5, 16) . Unlike most strains of Streptococcus mutans which release fructosyltransferase (FTase) into the culture fluid (2, 3, 17) , the FTase of at least some strains of Streptococcus salivarius appears to be preferentially cell associated (3, 7) . Although the cell-associated enzyme of S. salivarius strain SS2 has been studied indirectly and reported to be a constitutive enzyme, a delay in fructan synthesis observed during the lag phase of growth could not be adequately explained (7) . This observation raises the question as to whether there is some overriding control of the activity or expression of cell-associated FTase during this period. To the best of our knowledge, no thorough study involving direct measurement of cell-associated FTase has been reported. Con Cell suspensions. Cells from a 100-ml culture grown to mid-exponential phase (155 Klett units) were harvested by centrifugation (10,000 x g, 40C, 15 min), washed once with 10 mM potassium phosphate (pH 6.5) containing 10 mM MgSO4, and resuspended to 5 ml in the same solution. For the measurement of inactivation of cell-associated FTase, 200 pl of a suspension of cells equilibrated at 37°C for 2 min was added to 4.8-ml solutions equilibrated at 370C to give a final suspension containing 200 mM potassium phosphate (pH 6.5). To establish the kinetics of loss of FTase activity, 100-,l samples of a cell suspension were removed at the indicated times and mixed on ice in 1.4-ml volumes containing all components of the assay mixture except the radioactive substrate.
Assay of FTase activity. FTase activity was assayed by a modification of the procedure described by Robrish et al. (13) for the measurement of glucosyltransferase (GTase), except that the substrate was [ Ufructosyl-'4C]sucrose. As the nature of the linkages in the fructan polymer formed by this enzyme was unknown, it seemed appropriate to refer to this enzyme as FTase rather than levansucrase (EC 2.4.1.10). The standard radioactive assay contained the following: 100 mM potassium phosphate buffer, pH 6.0; 10 mM NaF; the amino acid supplement devoid of cysteine at the concentration present in defined medium (18) ; the enzyme source (50 to 800 1sd); and 10 mM [U-fructosyl-'4C]sucrose, (6 x 103 cpm/,umol) in a total volume of 2.0 ml. The amino acid supplement was added to block inactivation of cell-associated FTase during the assay incubation period (see below). The reaction was started by the addition of labeled sucrose. Assay tubes were incubated at 370C for 60 min, after which time the contents were added to 6 ml of 99% ethanol and filtered through 2.5-cm Whatman GF/B glass fiber pads under vacuum. Reaction tubes and filter pads containing the trapped precipitated carbohydrate polymer were each washed three times with 5-ml volumes of 75% ethanol. The dried disks were counted in a Beckman liquid scintillation counter (model LS-350, Beckman Instruments, Inc., Irvine, Calif.). One unit of enzyme activity was defined as the amount of FTase that catalyzed the incorporation of 1 ,imol of the fructose moiety of sucrose into 75% ethanol-insoluble polysaccharide per min. In some cases, FTase activity was expressed as micromoles per minute per milliliter per 100 Klett units as a means of indicating the amount of cell-associated or extracellular enzyme produced per given cell mass (18) .
When cell-associated FTase was assayed, the source of enzyme was generally 50 to 100 yl of a cell suspension possessing a density of between 100 and 200 Klett units. Samples of cells with densities below 50 Klett units were not used since a significant deviation from linearity with cell concentration was observed below this value. Cell-associated FTase activity was linear with time over a 90-min period at pH 6.0. The counts per minute incorporated per hour into the product were also linearly related to the concentration of cells assayed, provided the total radioactivity did not exceed 10,000 cpm/h.
When at the end of the assay the final product was not treated with 75% ethanol but was washed instead with 10 mM potassium phosphate buffer, pH 6.0, 98% of the otherwise precipitated radioactivity was lost through the filter. By simply removing the cells by centrifugation (10,000 x g, 40C, 15 min), approximately 80% of the radioactivity incorporated could also be recovered in the supernatant fraction, indicating that the fructan product formed by the action of the cell-associated FTase was a water-soluble polymer.
Solubilization of cell-associated FTase. Attempts to extract cell-associated FTase with 8 M LiCl as described by Garszczynski and Edwards for S. salivarius strain SS2 (7) were unsuccessful. A portion of the cells consistently aggregated after this treatment, and a 30% loss of FTase activity was observed. Attention was therefore directed toward releasing the cellassociated enzyme by means of the N-acetylmuramidase enzyme, M-1 (1, 11, 19) . Cells were grown to midexponential phase, harvested, and washed once in 50 mM sodium acetate buffer, pH 6.5, containing 2 mM CaC12 (10,000 x g, 40C, 15 min). Cells were then resuspended to 2 ml in the same buffer and homogenized in a Potter homogenizer until the chains of cells were broken into individual or paired cells. After homogenizing, the cell suspension was diluted to 5 ml to give a suspension containing 0.5 M melezitose (to stabilize apheroplasts), 50 mM sodium acetate (pH 6.5), 1 mM magnesium acetate, 2 mM CaCl2 (to prevent inactivation of FTase during the M-1 enzyme suspension treatment) and 150,ul of M-1 enzyme suspension (10 mg/ml in 10 mM sodium acetate [pH 6 .5] containing 5 mM MgSO4). The suspension of cells was then incubated for 45 min at 370C before centrifugation (25,000 x g, 40C, 15 min). The supernatant fluid was retained and, after exhaustive dialysis against a solution of 10 mM potassium phosphate (pH 5.5), was used as the source of solubilized FTase. Approximately 75% of the cell-associated FTase was solubilized by this method. The remaining activity was still associated with the cells or spheroplasts. After high-speed centrifugation of the cell-free supernatant fluid (160,000 x g, 40C, 90 min), 80 to 95% of the solubilized FTase activity was recovered in the supernatant fraction. Thus, the FTase released by this treatment was essentially free from any large cellular components.
Gel electrophoresis. Samples of (25,l) of solubilized FTase were analyzed by disc gel electrophoresis on 7.5% polyacrylamide gels (Bio-Phore gels, Bio-Rad Laboratories, Richmond, Calif.). The Tris-glycine buffer system of Rodbard and Chrambrach (14) was used, with the running buffers being introduced into the gels by pre-electrophoresis at 50 V for 18 h at 0 to 50C. Samples containing bromophenol blue and glycerol (15%) were electrophoresed at 60 V for 30 min followed by 120 V for 3 h. Gels were fixed with 12.5% trichloroacetic acid, stained for protein with 0.25% Coomassie blue G250, and destained with 5% acetic acid (4 RESULTS Localization of Flase during growth. As reported for other strains of S. salivarius (3, 7) , 95% of the FTase activity of S. salivarius ATCC 25975 was found to be cell-associated throughout growth in defined medium. Interestingly, the cell-associated activity per unit of cell mass present in the inoculum decreased rapidly during the first 15 to 20 min after transfer into fresh medium (Fig. 1) . The level of cell-associated FTase remained low throughout early exponential growth and then accumulated rapidly, so that by early stationary phase, the amount of activity per unit of cell mass was the same as that found in the inoculum. The initial activity loss could not be accounted for either by the release of active cell-associated enzyme to the extracellular medium or by simple dilution through cell division by uninduced or repressed daughter cells. Furthermore, the loss could not be attributed to the method of preparing cells for the assay of cell-associated FTase. Cells that possessed 0.086 U of FTase activity per ml per 100 Klett units when taken directly from the culture retained the same specific activity after the harvesting and washing procedures.
Loss of cell-associated FTase activity in resting cell suspensions. We were interested in studying in more detail the initial loss of FTase activity described in Fig. 1 . Doing this with growing cultures presented a number of technical problems. Since the phenomenon occurred in the lag phase of the growth cycle, the density of cells available for study was obviously very low. Moreover, although the growth medium was chemically defined, it did contain a complex array of vitamins, salts, purine and pyrimidine bases, and amino acids (18) . Consequently, any study of nutritional factors that might be involved in the activity loss would be difficult. For these and other reasons, we were interested in determining whether the loss of cell-associated FTase activity could be demonstrated in a simple resting cell suspension system.
When cell suspensions were prepared, cell-associated FTase activity declined by 5 Of a number of trace metal ions tested for their effect on the loss of FTase activity, the addition of Cu2" to cell suspensions dramatically stimulated the rate of loss and exerted a nearmaximum effect at a concentration of 10 ,uM (Fig. 2) . None of the following cations (at a final concentration of 1 mM) could substitute for Cu2"
when tested under the conditions described in Fig. 2 a Cells were grown to mid-exponential phase and incubated in the inactivation system described in the text at the pH values shown.
were standardized at pH 6.5. The "standard inactivation system" was thus defined as incubation of cell suspensions of a density of 100 to 200 Klett units at 370C for 30 min in 200 mM phosphate buffer (pH 6.5) containing 10 ,M Cu2+. The standard inactivation system was used throughout the remainder of the study unless otherwise specified.
Requirement for cell association for FTase inactivation. Addition of solubilized FTase to the standard inactivation system containing cells possessing the cell-associated enzyme or cells that had been previously inactivated resulted only in the loss of cell-associated activity. The added solubilized enzyme could be quantitatively recovered in the supernatant fluid after centrifugation (10,000 x g, 4°C for 15 min) of the reaction mixture. Thus, solubilized FTase bound neither to the cells nor to any potential FTase binding sites made vacant by prior inactivation of cell-associated FTase. It appeared therefore that FTase had to be in the cell-associated form for inactivation to occur.
Physical factors affecting inactivation of cell-associated FTase. In the absence of added Cu2+, incubation of washed cell suspensions at 370C for 30 min in low-ionic-strength solutions (10 mM potassium phosphate) at either pH 5.5 or 6.5 was found to totally protect the cell-associated FTase from inactivation. In addition, heating cell suspensions at 40°C in 10 mM potassium phosphate (pH 5.5) for periods of 30 to 180 min was found to reduce the degree of inactivation of cell-associated FTase when cells were subsequently incubated in the standard inactivation system (Fig. 3) . The heat treatment of the cells resulted in a <18% loss of cell-associated FTase activity even after 180 min at 400C. Furthermore, storage of cells in 10 mM potassium phosphate (pH 5.5) on ice for 96 h reduced the ability of these cells to inactivate cell-asso- Residual FTase activity after 30 min of incubation in the standard inactivation system after pretreatment of cells at 40°C in low-pH, low-ionicstrength solutions. Cells from a 100-ml culture grown to mid-exponential phase (155 Klett units) were washed and suspended to 5 ml in 10 mM potassium phosphate solutions, pH 5.5 . Aliquots of this suspension (0.5 ml) were heated at 40°C for periods shown before cooling on ice. Samples of cells were then tested for their ability to inactivate FTase in the standard inactivation system (see the text).
ciated FTase by 62% when subsequently incubated in the standard inactivation system. Such storage conditions had no effect on cell-associated FTase activity.
Chemical factors affecting inactivation of cell-associated FTase. Various components of the defined growth medium were also tested for their effects on the inactivation of cell-associated FTase in the standard inactivation system. The addition of a mixture of amino acids was found to prevent inactivation in the pH range of 5.0 to 7.0, but was less effective above this pH. Where protection by amino acids occurred, the FTase was still cell-associated, as essentially all of the activity could be recovered in washed cells after incubation at 370C for 30 min. Subsequent reincubation of these washed cells in the standard inactivation system led to the same degree of inactivation of cell-associated FTase that was observed with no prior incubation with amino acids. When tested individually, various amino acids prevented the inactivation of cell-associated FTase to the extent of 20% or less. However, histidine and cysteine were far more effective in this capacity. In the presence of 100 lM histidine or 3 mM cysteine, the loss of FTase activity in the standard inactivation system was 1 or 0%, respectively.
Of the metal ions added to the defined medium, only Ca2" had any effect on FTase inactivation. At a final concentration of 1 mM, Ca2+
completely prevented inactivation. Concentrations of 100 and 10 lM Ca2" were less effective, and the degree of protection afforded in the standard inactivation system decreased to 42 and 9%, respectively. The addition of amino acids or Ca2+ to cells after incubation for 30 min in the standard inactivation system did not restore cell-associated FTase activity. None of the other components of the defined medium (vitamin supplement and purine-pyrimidine supplement) (18) had any protective effect on the cell-associated enzyme activity. The addition of either 3 mM cysteine or 1 mM
Ca2+ to the defined medium before inoculation was also found to prevent the precipitous loss of FTase activity that was otherwise observed during the initial 30 min of growth.
Evidence for proteolysis of cell-associated FTase under inactivation conditions. The foregoing results suggested that inactivation of cell-associated FTase in cell suspensions might involve another enzyme, perhaps a protease. The serine protease inhibitor phenylmethylsulfonyl fluoride, however, did not prevent inactivation of the cell-associated enzyme.
To investigate more directly the possibility that proteolytic digestion of FTase might be responsible for the loss of enzyme activity, solubilized FTase was prepared as described above from cells that had been incubated for 30 min in the standard inactivation system (80 to 90% loss of activity) and from cells that had been similarly incubated with the amino acid supplement to protect enzyme activity. (2) . No glucosyltransferase activity was, in fact, found in any of these preparations. peaks of FTase activity were observed in the preparation protected from inactivation by the amino acid supplement. These peaks of activity corresponded to three protein bands on the gels. Similar results were obtained with solubilized FTase preparations from cells which had not been incubated at 370C in the standard inactivation system (data not shown). Whether these three protein bands represented different isozymes or different aggregation states of the enzyme is unknown. Reduced amounts of three protein peaks were present in the scans of the gels obtained from inactivated preparations (Fig.  4) . As shown in Fig. 4 , some residual activity of peak 1 was evident, a fact which correlated well with the 15% residual FTase activity present in this preparation. From the protein profile presented in Fig. 4 It has not been determined whether the initial loss of activity observed in growing cultures and that observed in the standard inactivation system were the results of the same biochemical process. However, there were certain factors in common between the two systems. In particular, the kinetics of loss followed similar patterns, and both cysteine and Ca2+ could protect against the loss of activity in both systems. However, although adding Cu2+ to the defined medium resulted in cells entering stationary phase with essentially all of their FTase activity depleted (unpublished data), care should be exercised in trying to correlate the original observations in growing cultures with those obtained with cell suspensions. There was no direct evidence that Cu"+ was the effector for the loss of FTase activity routinely seen during the lag phase in growing cultures.
A number of recent studies have been directed toward an understanding of the way in which nonfunctional or abnormal intracellular proteins are turned over by the cell (15) . Very little information is available, however, concerning the possible processing of extracellular proteins (6) . Recently, the cell-associated asparaginase II (L-asparagine amidohydrolase [EC 3.5.1.1]) of Saccharomyces cerevisiae has been reported to be degraded by a metalloprotease as cells enter the stationary phase of growth (12) . Although the inactivation of cell-associated FTase reported here might represent another example of of our knowledge, no Cu2'-requiring protease has been described. However, it has been known for some time that Cu2" can oxidize proteins (10) . Such an oxidation step might be the signal required for the subsequent proteolysis of FTase that is envisaged here. If this were the case, then the cell must have a mechanism for recognizing an oxidized protein and thereby removing it. The elucidation of the factor(s) involved in such a process would, in itself, be of interest. It is for this reason that the mechanism responsible for the inactivation of cell-associated FTase in cell suspensions is currently under investigation. The finding that solubilized FTase was stable under conditions which inactivated and apparently degraded the cell-associated enzyme in the standard inactivation system suggested that the inactivation factor might be a membrane-bound component which was not released by the action of the M-1 enzyme on the cell walls. Recently, a number of previously undetected minor proteases, the M proteases, were isolated from membrane vesicles of Bacillus subtilis (9) . Although no specific function for these proteases was determined, it was found that they were not secreted into the culture medium. In this regard, it might be pertinent that in S. salivarius, no extracellular protease activity could be detected, and solubilized FTase was not inactivated by cell-free culture fluid (unpublished data).
In summary, it appears that the FTase of S.
salivarius can be inactivated in cell suspensions by a process which appears to involve the proteolytic degradation of the enzyme and that the enzyme needs to be in the cell-associated form for this inactivation to occur. 
